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Modules for On-orbit Assembly

Hrishik Mishra, Tommaso Vicariotto, Marco De Stefano

Abstract—In the context of in-orbit assembly, modular build-
ing blocks offer the advantage of distributed launches. After the
orbit-injection, the overall motion control requires the individual
modules to approach each other while regulating their relative
shape and the total formation. This kind of formation control
has already been addressed for rigid body modules. However,
in practical cases, each module might be a multibody (with
rotors) system. To address the control problem for such a
fleet of fixed-inertia multibody modules, we propose a novel
dynamics formulation that is inertia-decoupled, singularity-free,
and invariant of their absolute poses. We extend the passive
decomposition theory for deriving new representative systems
corresponding to the total momentum (locked) and relative shape
variations. We exploit the dynamics to design two distinct control
laws with complementary mission benefits to regulate the locked
and relative motions. We also leverage the proposed formulation
to design a Hardware-in-the-Loop (HIL) framework, in which the
facility reproduced the relative motions while total momentum
was propagated in software. Furthermore, the proposed HIL
framework and the motion control are experimentally validated.

Index Terms—Space Robotics and Automation, Multi-Robot
Systems, Dynamics, Control.

I. INTRODUCTION

HE economic benefit of distributed launches is driv-

ing the assembly of orbital structures towards modular
designs which are manufactured on earth and assembled in
orbit [1]. To support the in-orbit assembly, the European
Union has commissioned the ORU-BOAS project [2], which
considers the deployment of orbital modules to perform life-
extension operations. These modules are autonomous small
satellites, equipped with on-board Reaction Control System
(RCS) and reaction wheels (RWs), i.e., they are fixed-inertia
multibody systems. For assembly, two modules are mechan-
ically connected through a dedicated interface, as shown
in [2]. After the orbit injection, motion control requires the
individual modules to approach each other while regulating
their relative shape and the overall (locked) formation. This
formation control has already been addressed for rigid body
modules using passive decomposition theory [3], [4]. For on-
orbit assembly, control strategies have been proposed [5], [6]
with rigid body assumptions, and tested on ground [7], [8].
While this assumption was acceptable for large satellites, the
couplings with internal actuators (RWs) cannot be neglected in
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Fig. 1: Formation control between two satellites. Left: The relative
motion on the OOS-SIM [9], Right: Absolute motion in software.

the controller design for small modules with low form factors,
see e.g. [2]. In particular, these modules are multibody systems
composed of a rigid-body structure with RWs and the related
formation control problem has not been addressed before.

During the mission development, the motion control algo-
rithms must undergo on-ground validation, e.g., using relevant
0-g environment replicated by Hardware-in-the-Loop (HIL)
robotic simulators [10]. These simulators comprise robotic
manipulators, which replicate the 0-gravity motion of an
orbital mechanism on-ground. A common approach is to use
two industrial robots to replicate the motion of the two orbital
agents, see e.g., EPOS [11], INVERITAS [12], Platform-ART
[13], AMDS [14] etc. However, the facilities in [11], [12],
[13] focus mainly on the approach phases and not contact-
phases. In [14], the initial momentum of the satellites is
neglected. For validation of mission phases that require contact
dynamics, e.g., grasping or docking, an advanced facility with
force measurements is employed, e.g., the DLR OOS-SIM
(On-orbit Servicing Simulator) [9], shown in Fig. 1. In [15],
a Lagrangian matching approach was proposed to achieve
full consistency of a single satellite. However, due to limited
workspace of the robotic manipulators, this approach becomes
limited when absolute motions are large and dynamic. This
affects the on-ground demonstration [16]. Therefore, a HIL
framework that replicates the relative motion of the agents in
a dynamically consistent way is a promising solution [16].
However, in [16], the formulation was considered relative to
a nominal trajectory, which required the computation of two
dynamic models and also acceleration measurements, which
are computational and sensory overheads.

To this end, the contribution of this paper is threefold.
First, a momentum-shape dynamics formulation for a fleet
of multibody modules is proposed. The contribution here is
the sequential application of reduction theory [17] for each



module followed by passive decomposition theory [3], [4] for
the fleet of modules. The key advantage of this formulation is
that the motion is described in terms of the total momenta and
the shape (relative and RWs motion), which are key mission
parameters for motion control. This formulation renders the
locked-shape regulation problem time-invariant, unlike simply
tracking a leader satellite that requires its acceleration mea-
surements. Second, two complementary control laws: Free-
flying and Hierarchical, are proposed to enable on-orbit as-
sembly by regulating the total and relative motions of the
modules. The free-flying control law prioritizes convergence,
while the hierarchical controller optimizes fuel efficiency. The
Cartesian tasks in such missions are time-constrained and
necessitate a fast response from the actuators. To achieve
this, both control approaches are based on inertia-shaping of
RWs’ actuator dynamics and passivity-based control of the
Cartesian dynamics. Third, a novel HIL simulation framework
is realized and experimentally validated on the DLR OOS-
SIM, wherein the relative motion is reconstructed on the
hardware while simulating momentum in software. The key
benefit of this approach is that acceleration measurements are
avoided in contrast to [16]. The proposed free-flying controller
is experimentally validated using this HIL approach.

The paper is structured as follows. Sec. II introduces the
preliminaries which aid the formulation. In Sec. III the pro-
posed method is described. Sec. IV introduces the developed
controller. Simulation and hardware results can be found in
Sec. V and VI, respectively. Sec. VII concludes the paper.

II. PRELIMINARIES ON DYNAMICS FORMULATION

In this section, relevant details about rigid body motion on
SE(3) group are provided. The pose of a rigid body is a matrix
group representation of SE(3) and is written as g = (R, p),
where R € SO(3) is the rotation matrix and p € R? is the
position. The reader is referred to [17], [18] for the detailed
descriptions of the introduced quantities. The identity of the
SE(3) group is Iy, where Ij is a square identity matrix of
dimension k. The tangent space at I, is the se(3) algebra,
which may be referenced in either the body or a spatial
frames. Analogously, the cotangent space at I, is the dual
space of wrenches, denoted as se(3)*. The se(3) (s0(3))
matrix algebra and its dual se(3)* (s0(3)*) are isomorphic
to the space of body velocities and wrenches on R® (R?).
The isomorphisms are written as (o) : R3 — 50(3),50(3)*
and ()" : 50(3),50(3)* — R3, and ()" : RS — s5¢(3), 5¢(3)*
and (e)Y :s5e(3),5¢(3)* — RS, e.g. given a twist, V € RS,
V" € se(3). The poses and velocities that are subscripted
once are referenced relative to the inertial frame, {O}, e.g.
(91, V1) denote the inertial state-space of the leader Satel-
lite’s frame, S1, see Fig. 2. The Adjoint action of a pose
g, Ad : s5e(3) — se(3), transforms elements of se(3) algebra
between spatial and body frames, see [18]. The adjoint map
of the se(3) algebra onto itself is, ad : se(3) — se(3), which
is the differential of the Ad map. This is denoted by ady
and its coadjoint map by, ad{ : se(3)* — se(3)*. In
this work, the rigid body velocity follows the convention
V = (v, w) = se(3), where v (w) is the linear (angular)
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Fig. 2: Fixed-inertia multibody satellites, equipped with RWs and
RCS, in a centralized flight formation with S as the leader satellite.

velocity, respectively. In this paper, tr(e) denotes the trace
of the argument matrix, and sk(X’) is the skew-part of the
argument s.t. sk(X) = (X —X7), and diag(e) is the diagonal
concatenation of argument matrices.

Dynamics of Modules

Each module is modeled as a multibody system comprising
its rigid structure and RWs. In a microgravity environment, its
dynamics is given by the fixed-inertia Hamel’s equations [17]:

o 5
ME+CQ)C=F M=| [0« I LwA
[04 ATLU] AT A
(D
w/\m 04 04
C= {04 wAI} [w/\IwA}
O4xs 04

where ¢ = (v,w,0), § € R® is the velocity of the three
RWs, and F = (fp, T, Tw) comprises the external forces
and torques acting on the satellite, and the internal torques,
respectively. The inertia matrix is M, while C(¢) is the non-
unique centrifugal/Coriolis (CC) matrix. Here, m is the total
mass, I and [, are the locked multibody [17] and RWs
inertias, respectively. Also, A is the kinematic map of the RWs
frame w.r.t. the module’s reference frame. For light-weight
modules with three RWs, A is commonly I3 [19]. Noticeably,
Eq.(1) contains couplings among the angular components of
the inertia matrix, which requires acceleration measurements
to decouple the RWs dynamics from angular motion.

Alternatively, the velocity of a module can be decomposed
into a locked angular velocity, computed as a function of the
angular momentum, and its shape (RWs) velocity, see [17],
[20]. This results in inertia-decoupled dynamics for articulated
systems, e.g., a spacecraft equipped with a manipulator. This
approach is employed to write the velocities of a module as:

v
: €
f 0

where A = (I7'1,) is the dynamic coupling [17]. This
term is obtained from the definition of the module’s total
angular momentum H, = [w + I, Af. Specifically, the new
momentum-based velocity term is u = I~1H,,. This velocity
decomposition results in inertia-decoupled dynamics as:

ME+COE=F 3)

=0 I AA| |w )

]IgOOU
0 0 I3 |6
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where ¢ = (v, y, 0) and F = (fy, 7, 7w), such that,
T = Tw — (M) 7.

The inertia and CC matrices are computed in Appendix 1.

III. PROPOSED RELATIVE DYNAMICS

Consider a set of modules, illustrated in Fig. 2, and modeled
as in (1). For the sake of simplicity, we derive the dynamics
for the scenario comprising two modules, which provides
the framework for the n agents problem in Fig. 2. During
formation control, the dynamics of two modules is described
trivially by stacking (1) for each module as:

/\;11,251,2 + 51,2(51,2)51,2 = Z51,2 )

where (12 = (1, &2, 01, 02)  comprising & = (v;, ;)
and  Fi o = (fo1, 71, fo2, To2, Twys Twy)  includes 7,
given in (4), and MLQT: diag(M1, My, Mgy, Mps) and
Cio= CNfT C~§T éfT égq , s.t. i defines the module’s
index. See Appendix 1 for the constituent terms in ./\;1172, 5172.

Note that (5) simply stacks the absolute motion of the two
modules, while concealing the coupling effects in relative
motions. Therefore, we rewrite the dynamics of the two
modules by extending the passive decomposition theory, i.e.
the motion decomposition into locked and shape systems
[3]. The locked system refers to a momentum-based velocity
describing the motion of the two modules as a rigid entity,
and hence, the total dynamics. On the other hand, the shape
system represents the formation within the entity, i.e. the
relative dynamics. In contrast with [3] where only rigid bodies
were considered, here, we extend the method for fixed-inertia
multibody systems, in which the locked-shape dynamics of the
formation are coupled with the internal shape (RWs) dynamics
of each module, and cannot be ignored in control design.

These representative systems are derived in a centralized
fashion. The leader module is designated as Si, providing a
reference for relative quantities, e.g., relative pose gi2 and
velocity g, computed in the frame attached to Sz. The locked
motion is resolved in the frame attached to Sj.

Consequently, the locked and shape velocities, denoted as
&1, and &g, replace the absolute velocities of the two modules
in the novel set of equations of motion. The aforementioned
representation is obtained as follows:

€=M H, g =56—Ad, L& 6)

where M,;,; is the locked inertia of the two modules, s.t.
Myos = My + Ad; T MyAd !, and, H is the total body mo-

g12 gi2’
mentum in the body frame of S, computed as,

s Ms(€p + Ad, L&)

H = M& + Adg12
= (M1 + Ad, T MyAd, L) + Ad, T MEp (7)

gi2 gi2
= Myoié1 + Ad," Maép.
Therefore, the locked velocity is derived as
€L =My H=4¢ + A", A" = M;,;Ad; "M, )
= (I — A*Ad, L )& + A*G.

As a result, the complete evolution of the initial states, (5),
into the new set of representative velocities is accomplished
through the following transformation:

19 Ig—A*AdL A* 0 0] |&

Ee| _ | —Ad,} Iy 0 0] |&

02 0 0 0 I3| |6
~——

¢ S

We employ this invertible transformation, .S, to derive a
novel formulation for the dynamics of two modules, encapsu-
lating the total and relative motions in a single set of equations.
The new dynamic terms are computed through:

{M*(glg) = SiT./\;leSil

- ~ 10
C*(912,¢") = S7TC1287 + ST My o 51 (19)

The full form of M*(g12) and C*(g12,(*) are presented in

Appendix 2. Note that in (10), although the inertia matrix
M* and its variation C* depend on the relative pose gi2,
their computation is free of mathematical singularities. The
use of the SE(3) group to parameterize the relative pose avoids
representation problems, e.g., gimbal lock. This proposed
formulation is written as follows:

M*(g12)C* + C*(g12,C*)¢" = F* (11
where F* = ST Fy 5 = (FL, Fi, Tw,» Tw,)»
M*(g12) =diag(My,, Mg, My, , My,)
Crr Cre Cre, Chre,
C* (g1, C*) = CeL Cepe Cgg, Cgy, (12)
9127 B 70}/—‘91 70%:01 091 0
_Cg‘ez _C.’IE—‘OQ 0 C192

Remark 1: Note that (11) preserves the Lagrangian structure
(energy) of the total system. This follows because the transfor-
mation applied for achieving (11) is passivity-preserving [21].
Also, the two representative systems (locked and shape) are
inertia-decoupled [4].

Application to a Hardware-in-the-Loop

The proposed dynamics is suitable to ensure physical con-
sistency of the simulated momentum on a HIL facility for
motion simulation, see Fig. 1. In particular, the architecture
of the motion replicated on a HIL facility (shape motion) and
the simulated mission scenario (locked motion) is illustrated
in Fig. 3, where the proposed contribution is emphasized in
the dashed box.

The absolute poses of the two modules are computed as,

t

9i = / (g:Vi")dt Vi=1,2 (13)
to

where V; is reconstructed in simulation. This is performed

through the relative mapping block in Fig. 3, which computes

the initial states by inverting the transformations (2) and (9),

as follows

(giru étot) = Sil(gfina étot) (14)



Sensor
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Sensor
Block-1
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Mapping | !

Fig. 3: HIL block diagram with OBC-i actuation mapped as
F; = (Fi,Twi) to Fg and Fr, = (Fr, Tw1, Tw2), Fe is the measured
interaction wrench between the modules. The industrial robots are
commanded using (g;, Vi). The Relative Mapping block exploits
measurements of shape (gi2, Vi2) and software-simulated variables
(g1,&L,01,62) to reconstruct all the states.

where &, = (€1, &), Epin = (€L, €B), Oror = (01, 02), are
the stacked velocities, and therefore, the rigid body velocities
of the modules are obtained as,

0 .

The OBC (On-Board Computer) in Fig. 3 represents the
controller to be validated on the HIL facility, e.g. for the
module 1 (OBC-1) and 2 (OBC-2).

In general, a Cartesian pose or velocity is provided to the
position interface of a HIL facility, thus, the robot moves
in Cartesian space while exploiting its inverse kinematics,
see [22]. For the proposed framework the relative veloc-
ity between the commanded motions is then computed as

Vig=V) — Ad;li V5, and the relative pose is computed as,

{gl(t) = 32(t)g12(t) ™", g2(t) = g2(0).

This is the final command to the robot, as shown in Fig. 3. In
contrast to [16], acceleration measurements and two models
per module are not required in the proposed HIL approach.

Note that in (16), the HIL robot ¢ = 2 is static, while the
robot ¢ = 1 simulates the relative motion. In this work, this
HIL approach is exploited so that the force sensor that mea-
sures the interaction wrench . is attached to the static robot
which avoids the sensor’s dynamic compensation problem.
Thus, F. measures the equal and opposing contact forces
on the modules. Although one robot is sufficient to simulate
relative motions on the HIL, the motion of both modules might
be required for validation. In this case, (13) will be integrated
to obtain g; for each module and commanded to each of the
HIL robots. This highlights the flexibility of the proposed
approach for both HIL implementations.

(15)

(16)

IV. PROPOSED CONTROL

The proposed dynamics aids control design for either the
locked or relative motion or both simultaneously. If the
controller influences only the relative motion, the task is
intentionally distributed between the two agents. As a result,
one module can uniquely manage the relative pose error.
Alternatively, both modules can contribute to the control task
with variable weight. This second controller is suitable for the
coordinated motion of modules.
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In this section, we exploit the dynamics for the two modules,
i.e. (11) to propose two novel control laws and prove their
stability using Lyapunov’s direct method. To that end, the
following concepts are introduced from [18, §5.3].

Lemma 1: Considering two poses §(R,D), g(R,p) € SE(3)
for two different frames, the right pose error is given by

__ =T _ —T
n=g 'g=(r, R.), r=R (p—p), Re=R R, (17)

Lemma 2: Given two orientations, R, R €SO(3), an
energy function ¢ :SO(3) — Ry is defined for the
potential associated with the orientation difference, as
¢(R.) = 3tr(Kp(Is — R.)), and its time-derivative is
expressed as ¢ = (sk(K,R.)") w, where w is the body
velocity of R. Here, K, is the positive proportional gain.

The controller requirements are posed as (g1, g12) should
be regulated about setpoints (g,,gg), which gives the right
pose errors ((n4(rr, Re, ), ne(re, Rey)). In contrast to [18,
§5.3], which achieved motion tracking of a single rigid body
on SE(3), and [3], [4], which achieved formation control of
rigid bodies on SE(3) x SE(3), the goal here is to stabilize
the motion on SE(3) x (SE(3) x R? x R?) with coupled dy-
namics. We achieve this using two controllers in a centralized
fashion for a system of multibody modules. The first approach
employs both external (RCS) and internal (RWs) actuators
simultaneously. The second approach maximizes the RWs
usage, thereby reducing fuel consumption and ensuring higher
accuracy.! Importantly, the RWs response is improved in the
control laws by employing the inertia-shaping factors AT,
which inherently arise through the proposed dynamics in (4).
Since we employ a centralized approach, the locked pose error
is directly imposed on the S&;. Thus, in the control design,
gr = g1 s.t. n, = m1. The controllers are summarized below,

1) Free-flying controller: This controller simultaneously
employs the RCS and the RWs toward convergence of the
locked and shape regulation tasks (equal priority), while being
robust against mutual interactions. This approach is proposed
in the theorem below as a passivity-based control law.

Theorem 1: Consider two modules, whose dynamics is mod-
eled in (11), with pose errors 7, (1L, Re, ) and ng(rg, Re,,)
observed in (17), and velocities &1, (vy, pr), Ee(vE, iE), cor-
responding to the locked and the shape systems, respectively.
Their closed-loop dynamics resulting from the control law,
F*=(Fp, Fg, Tw,s Tw,)> as

_ L _ pT L
= | TR Ryl gt (18a)
—BgHhL =L ~—~
feedforward
feedback
FE _ —KdEUE — RZERPETE + A*T RZLK;g’?"L

- qu —VE YL

feedback ( 1 Sb)
+ FF

C

~—

feedforward

1'Under the assumption of continuous-time actuation, both controllers
achieve convergence. However, the thruster discretization causes errors, and
the second controller outperforms the first in inertial attitude control.
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’7~'1,j1 = 7Kéél — R§1A1'YE +A1’yL + Fgl
7~'w2 = 7K§9.2 +A2’YE +F202

(18¢)
(18d)

is uniformly asymptotically stable.

Here, v, = sk(K}R.,)", 7g = sk(K}/ R.,)" have been
used to aid readability and represent the angular potentials, sat-
isfying Lemma 2. The damping gains for translation and angu-
lar motions are Dy = diag(K}, K¥ K} KF K} K2) - 0,
while the proportional gains are (KI)L, Kf ) > 0 for translation
and (KpL ,Kf ) > 0 for the angular motions. The couplings
between the representative systems and the RWs are computed
using (12) as:

FcL :CL9191 + CL029-27 FCE = CEelél + CE029.2
F' =My Co, 16 + M Co, 5€E + M1 Co, 01
F¥? =MCoy € + MNaCopép + M2Co,bs.

Furthermore, the closed-loop system is output-strict passive,
i.e., velocity (* is bounded for bounded disturbances [21].

Before presenting the proof, note that the control law in (18)
consists of a PD-type feedback term, and the feedforward term
to ensure inertia-shaping.

Proof 1: The stability of the controller is proved through
Lyapunov’s direct method. The candidate function, Wy, i.e.,
the total energy of the system, considering a shaping factor
A on the RWs inertia, is defined as

1 1

Wy = 5g*TMfg* + EAﬁKfof
(19)

Rep))

which satisfies the bounds o < W; <@, see Lemma 3 for
boundedness argument. Here,

Mf = diag(MLa ME7 A,{Mgl ’ AgMeQ)’
Azxy = (rp,rg), Ky = diag(KpL,Kf).

1 1
+ 5tr(Kf (I3 — R.,)) + 5tr(Kj(I3 -

The derivative of W is obtained by exploiting Lemma 2, as
Wy =CTMpC* + AaT Ky Aiy + yhwp +vfwi. (20)

Reformulating the linear potential and employing (2) and
(9), the velocities wy and wg are expressed as functions of
&r,€E, 01,05, Thus, the derivative takes the form:

_ A |VE
HE

vp + poy (Ro1A161)
pE + Ra1A101 — Aob

vL

i L T T )
Wy = [(RukcfAe)™ o] LLL — A A

+ [(BEEFAce)T ]

Introducing the free-flying control law, (18), and leveraging

the skew-symmetric property of M — 2C, we obtain
W =—¢TDs(r <. 1)

This proves the uniform stability about the equilibrium con-
figurations 77, and ng. Thus, the system’s asymptotic stability

is concluded by invoking LaSalle’s invariance principle [23].
Next, we prove the robustness against mutual interactions.
Let Fyo = —F41 = F., be the disturbance on each module
(see (1)) due to mutual interaction, resulting in shape and
locked disturbance wrenches, F 'm = F. and F 7, = 0, respec-
tively, using (11). Considering Wy as the storage function, we
get, Wf = —C*TDf(* + 5;]—'6, which is the proof [21]. O
However, the extensive use of RCS actuation (thruster fuel)
imposes limitations on the operation lifespan of the modules.
Note that the locked system control requires both modules to
be actuated, whereas shape control can be achieved with one.
2) Hierarchical controller: A passivity-based controller,
relying on a hierarchy that prioritizes the attenuation of
angular momentum of the locked system as a prerequisite
before module re-orientation. Thus, each control hierarchy is
associated with its corresponding actuator and control law.
The first level hierarchical controller utilizes RCS for external
actuation and is regulated by the following theorem.
Theorem 2: Consider two modules, whose coupled dynam-
ics is modeled in (11), with linear error functions only, 7, and
rg, observed in (17), and velocities £, (v, pr), Eg(vE, uE)-
Their closed-loop dynamics with the first hierarchical control
law, Fyy1 = (FL, Fg), designed as

[ L. _ pT 7L
FL — Kd vL LRELKP rL + FCL
—RGgHL ~—
- feedforward
feedback
o E T FE T 7oL
Fp = | Bave —E%EKp TE| L geT ReLfOfp TL] (22)
—K g

feedback
+ FF
——
feedforward
is uniformly asymptotically stable.

Here, the couplings, FL' and FF, as in Th. 1, are introduced
to ensure the inertia-shaping of the RWs. The damping gains
are Dy, = (KX KL KP KF) - 0, while the proportional
gains are K, = (K}, K}) > 0 for translation.

Proof 2: Consider the Lyapunov candidate function as the
sum of the rigid motion kinetic energy and the linear potential
energy of the system, as

W, = %V,Z My, Vi, + %Am{lKhlehl (23)

which satisfies the bounds o« < W}, < @, see Lemma 3 for
boundedness argument. Here,

My, = diag(My, Mg), Vi, = (£0,€E), Axp, = (rp,TE).
The derivative of the candidate is obtained as
Wi, = ViE My, Vi, + Azl Koy, . (24)
Introducing the first hierarchical control law, (22), and lever-
aging the skew-symmetric property of M — 2C, we obtain

Wi, = =V;i D, Vin <0. (25)

This proves the uniform stability of the considered system in
the boundaries of the equilibrium positions r;, and rg, (17),



and of the angular stabilization, i.e. cancellation of momentum
that might be gained due to residual errors and inadvertent
contacts. The system’s asymptotic stability is concluded by
invoking LaSalle’s invariance principle [23]. ]

Consider the set ¥ = {¢*,nL,np|Azp = 0,Vh = 0} re-
sulting from Th. 2. The second level of the hierarchical con-
troller utilizes internal RWs actuation to achieve reorientation
in ¥ as follows.

Theorem 3: Consider two modules with coupled dynamics
as modeled in (11), with orientation error functions, R., and
R, from (17), in the set ¥, which is ensured by Th. 2. The
closed-loop dynamics, resulting from the second hierarchical
control law, Fo = (T, , Tw,), designed as

Tw, = —K}61 — R}ve + 1
Twy = _K§92 +E
with damping gains Dj,, = diag(K}, K3) > 0 is uniformly
asymptotically stable.
Proof 3: Consider the Lyapunov candidate function as the
total internal energy of the system, considering a inertia-
shaping multiplication factor A, on the RWs inertia, as

1. . 1
th = 79{2M9n2 9h2 + §tI'(KE(I3 -

(26)

Rey))
2 Y 27)

1
+ Qtr(Kﬁ(I;; —R.,))

which satisfies the bounds o« < W}, < @, see Lemma 3 for
boundedness argument. Here,

M9h2 - diag(A{M917A§M92)a éh2 - (éla 02)
The derivative of 17},, is obtained by exploiting Lemma 2, as

0 .
—A A0,

P51 (Ra1A161)
Ro1A101 — As0s

W}LQ Zészghz éhz + [(R1K£’A$L)T ’Y%}

+ [(FRREE Aap)T AF]

Introducing the second hierarchical contrql law, (26), and
leveraging the skew-symmetric property of M —2C, we obtain

Wi, = —0F Dp 0, <O0. (28)

This proves the uniform stability of the considered system
about the equilibrium orientations R., and R.,, (17). Thus,
the system’s asymptotic stability is concluded by invoking
LaSalle’s invariance principle [23]. (]

Note that Th. 3 is not independent, and holds in the set W,
i.e., Th. 2 is a prerequisite.

V. VALIDATION RESULTS AND DISCUSSION

In this section, the two proposed control laws are validated
and quantitatively compared using simulation results to em-
phasize the key differences between them. Additionally, the
free-flying controller is experimentally validated on the DLR
OOS-SIM using the proposed HIL approach.

The modules are considered to be typical in-orbit demon-
stration satellites [24] with mass m = 309 kg and locked in-
ertia I = diag(150.2, 126.4, 126.4) kgm?, and RWs and RCS
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thruster configuration as in [19]. The initial attitude errors are
specified as R., = [5.5; 4.5; 4]° and R., = [10; 6; —6]° in
the locked and shape systems respectively, while no desired
setpoint is set for the translational task. First, an ideal scenario
with zero initial angular momentum is simulated. In this
case, only the second-level hierarchical controller (Th. 3) is
sufficient to ensure convergence of the angular errors, as shown
in Fig. 4 (blue). However, in practice, momentum can be non-
zero due to factors like discrete RCS actuator dynamics and
initial orbital injection. Hence, in the second simulation, an
initial momentum is introduced in the simulation as a relative
spin of 0.03 rad/s around the y-axis. In this context, the free-
flying controller achieves faster orientation convergence by
leveraging the full availability of actuators, as shown in Fig. 4
(yellow). Meanwhile, the hierarchical controller (Th. 2 and 3)
provides a fuel-efficient solution by limiting RCS usage to the
momentum task, as depicted in Fig. 5. This is achieved due to
the higher velocity contribution of the RWs in the hierarchical
case, as shown in Fig. 6. Furthermore, in Fig. 4 it is observed
that a comparable level of accuracy is achieved with the
two proposed controllers: the hierarchical controller provides
better error behavior in the locked maneuver, while the free-
flying controller exhibits lower error in the relative motion.
The hierarchical controller is characterized by convergence
in a longer time compared to the free-flying controller while
ensuring fuel efficiency as its primary advantage. Given that
space missions often span extended periods and prioritize fuel
conservation, this controller offers a suitable option.
Experimental validation: To experimentally validate the
proposed dynamics, (11), the proposed HIL approach in
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Fig. 6: Contribution of the RWs in terms of velocities in the
free-flying (top) and hierarchical (bottom) control modes.

Sec. III was implemented on the DLR OOS-SIM, see Fig.
1. The RWs and RCS were implemented as performance
models [19], while the relative rigid motions were replicated
using the robotic facility. The simulated mission scenario
involved two modules with initial locked momentum around
one axis. The leader module was required to perform an
approach maneuver towards an unactuated module, which
precludes pose control of the locked system as this requires
both systems to be actuated. Thus, no setpoint requirements
were placed on the locked system. In this setup, the free-
flying controller (Th. 1) was required to achieve a desired
shape (relative pose) of [5;2; 2] cm and [2;2; 0] °. The modules
are initialized with locked velocity {7, = [0;0.02; 0] rad/s and
shape velocity g = [0.01;0.02; 0] rad/s.

The free-flying control (Th. 1) was enabled at the time
indicated by the arrow at the top of Fig. 7. Mutual interactions
were imposed during the HIL experiment by applying a force
on the HIL robot (¢ = 1), with peaks at t = 130 s and 160 s,
emphasized by dashed lines at the bottom of Fig. 7. These
internal forces (measured) appear as interactions between
the modules when integrated with the proposed dynamics,
(11). Thus, this experiment demonstrates the robustness of
the control approach against mutual interactions as explained
below. The control task is achieved using RCS forces, Fig. 7,
and RWs torques, Fig. 8. The latter are rated for 0.1 N.m, as
in practical cases [24]. The evolution of relative pose errors
is shown in Fig. 9. Here, the relative error only achieves
a bounded behaviour as a consequence of the discrete RCS
actuation dynamics [19]. Nonetheless, the control strategy
remains robust against mutual interactions and the error values
stay bounded once the interactions cease. This is relevant
for proximity operations, where inadvertent contacts might
occur. Fig. 10 shows the key advantage of using the proposed
dynamics in the HIL approach: only the shape momentum
is affected by the contact disturbances and is regulated by
the controller action, while the total momentum dynamics
is uncontrolled and is propagated only in software. Note
that the HIL simulation was realized without acceleration
measurements in contrast to [16]. This experiment validates
the proposed free-flying approach to exploit the combined
effect of RCS and RWs for motion control of fixed-inertia
multibody modules.
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Fig. 7: Leader module’s forces actuated by the RCS (top), and contact
forces (bottom) over time, obtained from the HIL experiment.
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VI. CONCLUSION

In this letter, a momentum-shape formulation of the dy-
namics is exploited to design, firstly, a novel HIL simulation
framework and, secondly, two centralized motion control laws
for a fleet of fixed-inertia multibody satellites. The dynamics
result from extending the passive decomposition theory, which
has previously been limited to rigid bodies. This approach
results in dynamics that are inertia-decoupled, singularity-
free, and independent of the modules’ absolute poses. Both
controllers are characterized by inertia-shaping for enhanced
responsiveness of RWs, and serve complementary phases (con-
vergence time vs. fuel-efficiency) of the mission to regulate the
relative and locked motions of the modules. Furthermore, the
free-flying controller is experimentally validated on the DLR
OOS-SIM HIL facility. The key advantage of the proposed
HIL simulation is that the relative motion is replicated on the
hardware while propagating the momentum in the software.
This enables the HIL simulation of faster tumbling motions.
In future work, the proposed theory will be extended to the
n agents case in Fig. 2 and variable inertia systems, e.g.,
articulated robotic mechanisms.

APPENDIX

1) Inertia and CC martrices of a single module: The inertia
matrix for a single module is observed as M = diag(M, My),
where M = diag(mlIs, 1), My = AT, (A~ AA).
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The CC matrix exhibits a valuable skew-symmetry property
among the off-diagonal terms:

- [ee (10— AAG) m 0 0
C= o0 = 0 uI (Iu)"AA
0 —(ATATN = (Ip)"

2) Inertia and CC matrices of the proposed dynamics: The
overall inertia matrix is expressed as

M*(g12) =diag(M, + M3V, My(Is — A*Ad, L), Mo, , My,)

The notation M () indicates that the inertia matrix is expressed
w.r.t the reference frame of module ¢. A reduced-inertia for the
shape system is observed in the second element of R.H.S.
~The CC matrix is obtained by recalling the relation
S~ = —-87156~! and taking the time derivative of A* as
d e d gy, 1 d -T
aA = a(MtOt )Adgl2 M2 + Mtot a(Adgl2 MQ)
= — (M Myt Mo} )Ad, T Moy — Mot Ad, Tad”,

gi2 gi2 V12

M

where finally M, = —Adg_lf(adflz
3) Properties for the stability analysis:
Lemma 3: An energy function, Wy, defined for the multi-
body satellite and expressed as the sum of kinetic and potential
energies is bounded [25] as o < Wy < @

Proof 4: See [25, Lemma 8] for the boundedness property.

My + Myad,,,)Ad; !

g12°
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